ABSTRACT
A ccurate distinguishing of PCNSLs from glioblastomas preoperatively is important for determination of appropriate treatment strategies. 1, 2 Advanced imaging techniques such as DSC perfusion MR imaging complement the role of conventional MR imaging in differentiating the 2 tumors.
1,2 DSC perfusion MR imaging measures T2*-weighted signal-intensity loss occurring dynamically over bolus injection of contrast medium, from which relative CBV, a marker of tumor angiogenesis, can be computed. [3] [4] [5] On DSC perfusion MR imaging, PCNSLs demonstrate lower CBV compared with glioblastomas. [6] [7] [8] [9] [10] [11] [12] [13] [14] In lesions with substantial BBB breakdown and contrast leakage, the T2*-weighted signal-intensity loss can be masked by signal-intensity increase secondary to T1 effects. In such instances, CBV will be underestimated. 3, 15 To measure CBV with higher accuracy, a mathematic leakage-correction model has been proposed to process the DSC perfusion data. 15 It allows simultaneous assessment of tumor vascularity and vascular permeability by calculating leakagecorrected CBV and the leakage coefficient, respectively. In highgrade gliomas, the corrected CBV was found to have better correlation with tumor grade than the uncorrected one. 15 The K 2 , on the other hand, was able to demonstrate the differences in vascular permeability among gliomas of different histologic grades. 16 PCNSLs are also known to have increased vascular permeability. [17] [18] [19] Their low CBV and the characteristic intensity-time curve that went above the baseline were thought to be related to high vascular permeability. 8, 12 To the best of our knowledge, PCNSLs have never been studied with DSC perfusion MR imaging processed with the mathematic leakage-correction model. [6] [7] [8] [9] [10] [11] [12] [13] Their corrected CBV and K 2 have also not been quantitatively compared with those of glioblastomas. In this study, we aimed to compare the diagnostic performance of DSC perfusion MR imaging without and with mathematic leakage correction in the differentiation of PCNSL and glioblastoma.
MATERIALS AND METHODS

Patients
Approval for this study was obtained from the institutional review board, and signed informed consent was obtained from all patients. Findings of preoperative MR imaging studies, obtained in 17 consecutive immunocompetent patients with PCNSL included in a prospective study, were reviewed. Images from 2 patients were excluded because of motion artifacts, so 15 patients (12 men, 3 women; mean age, 60.6 years; age range, 22-80 years) with PCNSL (mean size, 3.7 Ϯ 1.6 cm) were analyzed. Findings of preoperative MR imaging studies, performed in 28 consecutive patients with glioblastomas in the same prospective study, were also reviewed. Three purely hemorrhagic and 5 cystic glioblastomas were excluded. Therefore, 20 patients (15 men, 5 women; mean age, 57.4 years; age range, 26 -81 years) with glioblastomas (mean size, 4.5 Ϯ 0.9 cm) were analyzed. None of the patients had begun corticosteroid treatment, radiation therapy, or chemotherapy or had any previous brain biopsy at the time of MR imaging. Histologic diagnosis was obtained in all patients by surgical resection or biopsy. All the PCNSLs were diffuse large B-cell lymphomas. The estimated glomerular filtration rate was calculated from serum creatinine levels, patient demographics, and age. Patients with an estimated glomerular filtration rate Ͻ 60 mg/min/1.72 m 2 were excluded before enrollment.
MR Imaging
All MR imaging studies were performed by using a 3T unit (Magnetom Tim Trio; Siemens, Erlangen, Germany) by using a 12-channel phased-array head coil. Routine MR imaging pulse sequences included transverse T1WI, transverse T2WI, and transverse FLAIR. The DSC perfusion MR imaging was obtained with a T2*-weighted gradient-echo EPI sequence during the bolus injection of a standard dose (0.1 mmol/kg) of intravenous gadopentetate dimeglumine (Magnevist; Schering, Berlin, Germany). The injection rate was 4 mL/s for all patients and was immediately followed by a bolus injection of saline (total of 20 mL at the same rate 
Image Postprocessing
DSC perfusion MR imaging data were transferred to an independent workstation and processed by using the software nordicICE (Version 2.3; Nordic Imaging Lab, Bergen, Norway). For each voxel, the dynamic signal-intensity curve was converted to a relaxivity-time curve, a parameter related to the concentration of gadolinium in the voxel. The CBV was estimated by integrating the relaxivity-time curve. Contrast-leakage correction was performed on the DSC images by using a technique outlined by Boxerman et al. 15 The method assumes that T1 shortening resulting from contrast leakage occurs in regions with disrupted BBB and uses linear fitting to determine the leakage coefficient, a first-order estimate of vascular permeability proportional to the leakage, the product of permeability and surface area. The K 2 was subsequently used for leakage correction and calculation of corrected CBV.
Image Analysis
The CBV, corrected CBV, and K 2 maps were coregistered to postcontrast MPRAGE on the basis of 3D nonrigid transformation and mutual information with the use of SPM2 software (Wellcome Department of Imaging Neuroscience, London, UK) before all imaging analysis. On the basis of postcontrast MPRAGE, the enhancing portions of the entire tumor were segmented. A polygonal region of interest was first drawn to include the entire lesion on every section. A threshold pixel value was then manually chosen to create a scatter region of interest to segment the enhancing tumor portions. The segmented ROIs were subsequently used to measure the mean CBV, corrected CBV, and K 2 values of whole tumor, respectively. All ROIs did not include areas of necrosis or nontumor macrovessels evident on postcontrast MPRAGE.
For normalization, the ratios of CBV and corrected CBV were then calculated by dividing the tumor ROIs by the values obtained from a region of interest (size range, 30 -50 mm 2 ) placed in the contralateral NAWM, respectively. The tumor K 2 values were not normalized because the NAWM K 2 values were equal or close to zero in most cases. Figures 1 and 2 illustrate the measurements of perfusion parameters in a PCNSL and a glioblastoma, respectively.
Statistical Analysis
For both PCNSLs and glioblastomas, a paired t test was used to compare tumor K 2 and NAWM K 2 , as well as tumor CBV ratios without and with leakage correction. Between the PCNSL and glioblastoma groups, comparisons of CBV ratios, corrected CBV ratios, and K 2 values were performed by using a 2-sample t test. A commercially available statistical software package (Statistical Package for the Social Sciences 18; SPSS, Chicago, Illinois) was used for analysis, and P values Ͻ.05 indicated a statistically significant difference. Area under the curve and cutoff values of CBV ratios, corrected CBV ratios, and K 2 for distinguishing PCNSLs from glioblastomas were determined by receiver operating characteristic curve analysis. The cutoff values with the highest sensitivity and lowest false-positive rates were chosen for each perfusion parameter.
RESULTS
The mean K 2 values were 1.88 Ϯ 1.11 for PCNSLs and 0.02 Ϯ 0.05 for their contralateral NAWM. The K 2 values were significantly higher in PCNSLs than in the contralateral NAWM (P Ͻ .001). The mean K 2 values were 0.79 Ϯ 0.68 for glioblastomas and 0.01 Ϯ 0.02 for their contralateral NAWM. Glioblastomas demonstrated significantly higher K 2 (P Ͻ .001) compared with their contralateral NAWM.
The mean CBV ratio and corrected CBV ratio were 1.16 Ϯ 0.66 and 2.28 Ϯ 0.60, respectively, for PCNSLs and were 5.00 Ϯ 2.00 and 5.47 Ϯ 2.05, respectively, for glioblastomas. The differences between the mean ratios of CBV and corrected CBV were statistically significant for both PCNSL (P Ͻ .001) and glioblastoma (P Ͻ .001). Table 1 shows the results of quantitative comparisons of the perfusion parameters between PCNSLs and glioblastomas. PCNSLs have a significantly lower CBV ratio (P Ͻ .001), a lower corrected CBV ratio (P Ͻ .001), and a higher K 2 (P ϭ .001) compared with glioblastomas. On receiver operating characteristic curve analysis (Fig 3) , the areas under the curve were 0.984 for the CBV ratio, 0.940 for corrected the CBV ratio, and 0.788 for K 2 . The diagnostic accuracies of the CBV ratio, the corrected CBV ratio, and K 2 were 94.2%, 91.4%, and 77.1%, respectively. The results of receiver operating characteristic curve analysis are summarized in Table 2 . When we differentiated PCNSLs from glioblastomas, CBV without leakage correction had the highest area under the curve and accuracy.
DISCUSSION
Our study shows that PCNSLs demonstrated significantly lower CBV ratios, lower corrected CBV ratios, and higher K 2 compared with glioblastomas. These differences indicate different tumor perfusion characteristics that allow discrimination of PCNSLs from glioblastomas.
In the present study, PCNSLs and glioblastomas demonstrated K 2 higher than that measured in NAWM, which suggested that there was an increase of vascular permeability in both tumors. However, the degree of K 2 increase was different between PCNSLs and glioblastomas. The higher K 2 in PCNSLs indi- cated that there was a greater degree of BBB disruption and thus higher vascular permeability in PCNSLs compared with glioblastomas. In the past, comparisons of the vascular permeability between PCNSLs and glioblastomas based on quantification of the permeability surface area product or volume transfer constant (K trans ) had only been performed with perfusion CT, 18, 20 yielding results that were controversial. The higher vascular permeability in PCNSLs as demonstrated in the present study is in agreement with that reported by Warnke et al. 18 Our results suggested that K 2 derived from DSC perfusion MR imaging may serve as a quantitative marker of vascular permeability. On electron microscopy, ultrastructural changes associated with increased vascular permeability, such as thinned endothelial cells, fenestrations in capillary endothelium, and absence of endothelium between the lumen and basement membrane, were present in PCNSLs. 17 The BBB was particularly absent in PCNSLs associated with vascular endothelial growth factor expression. 19 Therefore, the high K 2 in PCNSLs may reflect the presence of these vascular ultrastructures that lead to increased vascular permeability. However, due to the complex relationship between contrast agent concentration in tissue and the measured change in signal intensity, K 2 may not correlate linearly with the underlying permeability. 15 A positive relationship between K 2 and the K trans may only exist with high flip angles. 21 In our study protocol, the DSC perfusion data were acquired with a flip angle of 90°and that has allowed comparison of the K 2 between the 2 tumors.
In this study, CBV ratios of PCNSL were lower than those of glioblastomas, a finding that is in agreement with those reported in the literature. 6, 7, 9, 10 Two factors might contribute to the lower CBV in PCNSL. First, neovascularization is not a prominent histologic feature in PCNSL. In 1 study, PCNSLs were found to have lower CBV on DSC perfusion MR imaging and lower microvessel density on histologic analysis compared with high-grade gliomas. 10 In gliomas, there was a positive correlation between microvessel density and CBV. 22 Although this correlation has not been investigated with regard to PCNSLs, we speculate that the lower microvessel density might be related to the lower tumor CBV in PCNSL. Second, the high vascular permeability in PCNSL, as shown with high K 2 values, probably resulted in tumor CBV that was underestimated before leakage correction. The significant increase of CBV following contrast-leakage correction in PCNSLs and glioblastomas may imply greater accuracy in CBV measurement. However, in terms of differentiation of the 2 tumors, we found no added value of the contrast-leakage correction. The diagnostic accuracy of corrected CBV was, in fact, lower than the accuracy without leakage correction. The differences in vascular permeability may result in a different degree of CBV correction in PCNSLs and glioblastomas. The greater restoration of CBV in PCNSL, which has higher vascular permeability, has decreased the CBV differences between the 2 tumors, and that decrease may indirectly lead to the lower diagnostic accuracy of corrected CBV.
The signal-intensity time curve of DSC perfusion MR imaging can also be described with percentage of signal recovery, 12, 23 which represents the percentage of signal-intensity recovery at the end of the first pass and can be calculated without complex modeling or a sophisticated leakage-correction algorithm. The percentage of signal recovery can be measured simply by moving the region of interest within the tumors on a workstation. Mangla et al 12 reported that percentage of signal recovery was significantly higher in PCNSL compared with glioblastoma, and it was even better than CBV in differentiating PCNSLs from glioblastoma and metastases. However, there are some limitations with the percentage of signal recovery. Although the measurement of percentage of signal recovery is simple, it is associated with inherent subjectivity in the determination of region of interest. While tumor CBV has been shown to be related to angiogenesis, the physiologic basis of the percentage of signal recovery remains unclear. The relationship between percentage of signal recovery and permeability is also controversial. An early study proposed that the high percentage of signal recovery was due to high permeability. 8 However, recent studies suggested that the high percentage of signal recovery may indicate lower permeability. 12, 23 Finally, the percentage of signal recovery of different portions of a tumor cannot be visualized simultaneously because percentage of signal recovery is not displayed in a voxelwise basis on a parametric map; therefore, it is not as straightforward and convenient as CBV and K 2 maps. There are several methods for correcting the T1 effects associated with contrast leakage during CBV calculation. Preload contrast medium administration and mathematic leakage correction are 2 different approaches. A recent study showed that the 2 methods had a synergistic effect and that combining the 2 improved the accuracy and precision of CBV measurement. 24 In the present study, preload contrast medium was not administered for several reasons. First, there is still no consensus on whether preload contrast medium should be administered routinely. Second, there is no guideline or recommendation on the dose of preload contrast medium. Third, the relationship between contrast medium dose and the degree of T1 effect saturation is also unclear. Finally, improved accuracy and precision in CBV measurement do not imply better diagnostic performance. It is possible that the diagnostic performance of DSC perfusion MR imaging, which appears to become lower after mathematic leakage correction as shown in our study, may be further reduced by preload contrast medium administration. However, to determine the effect of preload contrast medium, future studies will have to perform DSC perfusion MR imaging during the preload injection to get the uncorrected CBV and then perform a second injection to obtain preloaded DSC perfusion data for leakage-corrected CBV.
Our study is limited by lack of direct correlations between perfusion parameters and histologic features such as microvessel density and endothelial ultrastructure. Moreover, there are many factors, including vascular surface area; vascular permeability; blood flow; and hydrostatic, interstitial, and osmotic gradients across the endothelium, that affect leakiness of vasculature. The K 2 measured with DSC perfusion MR imaging reflects the summation effect of all these factors on vascular leakiness. Because in vivo quantification of the individual effect of each factor is currently not feasible, we could not definitely state that the changes in K 2 were solely due to the changes in vascular permeability.
CONCLUSIONS
PCNSLs demonstrated significantly lower CBV, lower corrected CBV, and higher K 2 compared with glioblastomas. These differences may imply lower tumor vascularity and higher vascular permeability in PCNSL. Their different perfusion characteristics allowed discrimination of PCNSL from glioblastoma. CBV without contrast-leakage correction seems to have the best diagnostic performance in differentiating the 2 tumors. *Money paid to the Institution.
